Objective-The protective effect of NO synthase-3 (eNOS)-derived NO in limiting myocardial ischemia-reperfusion (MI-R) injury is well established. We reported previously that systemic genetic overexpression of eNOS attenuates MI-R injury. The purpose of the current study was to investigate tissue-specific genetic overexpression of the human eNOS gene.
N itric oxide (NO) is a free-radical species generated by the enzyme endothelial NO synthase (eNOS) . NO has been shown to play a prominent role in the maintenance of vascular homeostasis by acting as a vasodilator, 1-3 attenuating platelet 4 and leukocyte 5 adhesion, inhibiting vascular smooth muscle cell proliferation, 6 and possessing multiple other anti-inflammatory properties. eNOS is also present and functional in cardiac myocytes, 7 in which NO generation has been shown 8 -11 to modulate cardiac function.
It is now well appreciated that NO can exert many beneficial effects in various cardiovascular disease states. NO has been shown to protect against myocardial ischemiareperfusion (MI-R) injury in a number of animal models. [12] [13] [14] These basic science observations have led to the recent translation of NO-based therapies to the clinic. The African American Heart Failure Trial found isosorbide dinitrate-hydralazine to significantly lower mortality rates in patients with class III and IV heart failure, prompting an early termination of the trial and introduction of isorbide dinitratehydralazine (BilDil) to the medicinal armament. 15 Additionally, a recent study of inhaled NO demonstrated acute hemodynamic improvements in patients with right ventricular myocardial infarction (MI) and cardiogenic shock. 16 In addition to direct NO therapy, the role of NO synthase-3 (eNOS) in MI-R has been studied extensively. Mice deficient in eNOS (eNOS Ϫ/Ϫ ) have increased myocardial injury after I-R, displaying significantly larger infarct size. 17, 18 Conversely, augmenting eNOS function has proven to be very effective at reducing MI-R injury. Supplementation of the eNOS substrate L-arginine, has been shown 19, 20 to reduce infarct size after MI-R injury. We reported previously 21 the protective effects of systemic, genetic eNOS overexpression in MI-R. Others have reported that eNOS overexpression limited to cardiac myocytes provided increased left ventricle (LV) performance and reduced hypertrophy in a murine heart failure model. 22 Given the protective nature of eNOS gene therapy in MI-R injury, we sought to compare cardiomyocyte-specific eNOS transgenic overexpression (CS eNOS-Tg) versus systemic transgenic overexpression of eNOS (SYS eNOS-Tg) in an in vivo murine model of MI-R injury. Both mice overexpress the same human eNOS transgene 23 on the same background strain (C57BL/6). However, each transgene is under the control of different promoters. The transgene in the systemic overexpresser is under the control of the native eNOS promoter, 24, 25 whereas the cardiomyocyte-specific transgene is driven by the ␣-myosin heavy chain (␣-MHC) promoter, 22 thus restricting expression to cardiac myocytes. These model systems of eNOS overexpression provide a powerful tool for the investigation of tissue-specific gene therapy in MI-R injury and help to further our understanding of targeted gene therapy.
Materials and Methods

SYS eNOS-Tg Mice
The systemic eNOS transgenic mouse (eNOS-Tg) was developed in Rotterdam and has been described previously. 21 The mouse uses a human transgene 23 driven by the native eNOS promoter.
CS eNOS-Tg Mice
CS eNOS-Tg mice were developed by S.J. using the same human eNOS transgene 23 as the SYS eNOS-Tg mouse. The expression of this transgene is under the control of the ␣-MHC promoter, restricting expression to cardiac myocytes as has been described previously. 22
Wild-Type Mice
Nontransgenic, wild-type (WT; C57BL6/J) littermates from both colonies of transgenic mice were randomized and used as controls. All mice were male and used at 8 to 10 weeks of age. 
Western Blot Analysis of eNOS
Western blot analysis was performed as described previously. Myocardial lysate was transferred to polyvinylidene fluoride membranes and incubated with mouse anti-eNOS (1:4000; BD Transduction Laboratories) in 5% BSA Tris-buffered saline Tween-20 (TBST) overnight at 4°C. Membranes were then reacted with horseradish peroxidase-linked anti-mouse secondary (Amersham) at 1:2000 in 5% BSA TBST, incubated with ECL reagents (Amersham), and then exposed to film (for details, see the online supplement, available at http://atvb.ahajournals.org).
NO Analysis of Cardiac Tissue
Tissue nitroso compounds were quantified using group-specific reductive denitrosation by iodine-iodide with subsequent detection of the NO liberated by gas-phase chemiluminescence as described previously. 26 NO-heme was determined by parallel injection of replicate aliquots of tissue homogenates into a solution of 0.05 mol/L ferricyanide in PBS at pH 7.5 and 37°C. This method uses 1-electron oxidation rather than reduction to achieve denitrosation, with the liberated NO quantified by gas-phase chemiluminescence, described previously in detail 27 (see online supplement).
MI-R Protocol
Surgical procedures used in the MI-R protocol were similar to methods described previously. 17, 28 Briefly, a median sternotomy was performed, and the left coronary artery (LCA) was visualized and ligated proximally using a 7-0 silk suture mounted on a BV-1tapered needle. The LCA was completely occluded for 30 minutes or 45 minutes, and reperfusion (24 or 72 hours) was initiated by removal of the 7-0 suture (see online supplement).
Myocardial Infarct Size Determination
All of the procedures for area at risk (AAR) and infarct size determination have been previously described 17, 28 (see online supplement).
Echocardiographic Analysis
Transthoracic echocardiography of the LV using a 15-MHz linear array transducer (15L8) interfaced with a Sequoia C25 (Acuson) was performed in mice after 45 minutes of LCA ischemia and 72 hour of reperfusion. Two-dimensional echocardiography was performed as previously described. 28 All data were collected from 10 cardiac cycles/experiment.
Hemodynamic Measurements
Aortic blood pressures (systolic, diastolic, and mean) and heart rate were measured in WT, SYS-eNOS Tg, and CS-eNOS Tg mice in the conscious state using radiotelemetry techniques. Mice were surgically implanted with the PA-C10 radiotelemeter pressure transducers (DSI, St. Paul, MN) and the catheters were placed in the aorta as previously described. 29 Measurements were conducted 6 times each 24-hour cycle over a 48-hour sampling period (see online supplement).
Statistical Analysis
Data were analyzed where appropriate by Student t test, 1-way ANOVA, or 2-way ANOVA with post hoc Tukey analysis using JMP IN statistical software (SAS Institute). Data are reported as meanϮSEM. P values Ͻ0.05 were considered significant.
Results
Myocardial eNOS Protein Expression in CS eNOS-Tg Mice
Western blot analysis of myocardial protein expression revealed increased eNOS expression, as depicted by the typical 140-kDa band, in the SYS eNOS-Tg mouse as well as robust immunoreactivity in the CS eNOS-Tg mouse ( Figure 1A ). WT mice displayed low basal levels of myocardial eNOS.
NO Analysis of Cardiac Tissue
WT, SYS eNOS-Tg, and CS eNOS-Tg mouse hearts were analyzed for cardiac tissue NO determinants. Cardiac nitroso levels ( Figure 1B ) were significantly increased in CS eNOS-Tg mice (1279.86Ϯ341.00 nmol/L; PϽ0.001) compared with WT (13.17Ϯ3.31 nmol/L) and SYS eNOS-Tg (66.13Ϯ9.58 nmol/L) mice. Likewise, Heme-NO adducts ( Figure 1C) were also significantly increased (PϽ0.01) in the CS eNOS-Tg mice (1785.28Ϯ256.48 nmol/L) compared with WT (55.96Ϯ12.41) and SYS eNOS-Tg (70.88Ϯ15.83) mice.
Hemodynamic Analysis of eNOS-Tg Mice
WT, SYS eNOS-Tg, and CS eNOS-Tg mice were implanted with radiotelemetry pressure transducers to assess arterial blood pressure and heart rate (Table) . eNOS-Tg (CS and SYS) mice displayed no significant differences in mean arterial blood pressure, systolic blood pressure, or diastolic blood pressure compared with WT controls.
Cardiomyocyte-Specific Overexpression of eNOS Significantly Reduces MI-R Injury
WT, SYS eNOS-Tg, and CS eNOS-Tg mice were first subjected to 30 minutes of LCA ischemia and 24 hours of reperfusion. Representative photomicrographs (see online supplement) from WT, SYS eNOS-Tg, and CS eNOS-Tg hearts demonstrate the protection yielded by eNOS overex-pression. Quantitatively (Figure 2A) , WT mice displayed a mean infarct per AAR (Inf/AAR) of 49.3Ϯ2.8% after 30 minutes of myocardial ischemia and 24 hours of reperfusion. SYS eNOS-Tg mice had a 40.9% reduction in Inf/AAR compared with WT mice (29.1Ϯ4%; PϽ0.01). CS eNOS-Tg mice exhibited a very substantial 63.8% reduction in Inf/AAR compared with WT mice (17.8Ϯ2.6%; PϽ0.01). This also represented an additional 23% reduction in Inf/AAR compared with SYS eNOS-Tg mice (Pϭ0.0537). In correlation, Inf/LV was also significantly reduced in SYS eNOS-Tg and CS eNOS-Tg mice compared with WT nontransgenic littermates (PϽ0.01). Percentage AAR per LV was similar among all groups.
Cardiomyocyte-Specific Overexpression of eNOS Reduces Infarct Size in a More Severe Model of Ischemia-Reperfusion Injury
After 45 minutes of LCA ischemia and 72 hours of reperfusion, mice were assessed for MI ( Figure 2B ). WT mice exhibited a 56.5Ϯ4.1% Inf/AAR. SYS eNOS-Tg mice dis-played a mean Inf/AAR of 23.5Ϯ6.0% (PϽ0.01 versus WT), not significantly different from CS eNOS-Tg mice, which displayed a mean Inf/AAR of 29.2Ϯ3.4% (PϽ0.01 versus WT). Calculated measurements of Inf/LV correlated well with Inf/AAR. WT mice displayed a mean Inf/LV of 32.1Ϯ2.9%. Inf/LV was reduced by 62% in SYS eNOS-Tg and 54% in CS eNOS-Tg mice (PϽ0.01 versus WT). There was no difference in AAR/LV between any of the groups.
Cardiomyocyte-Specific Overexpression of eNOS Improves Postischemic Cardiac Function
Echocardiographic analyses of mice at baseline and after 45 minutes of LCA ischemia and 72 hours of reperfusion are reported in Figure 3 . Although there was a trend for left ventricular end-diastolic dimensions (LVEDDs) to increase after MI, none of the groups were significantly different ( Figure 3A ). Mean LVEDD (mm) for WT, SYS eNOS-Tg, and CS eNOS-Tg mice before MI were (3.14Ϯ0.07, 3.19Ϯ0.09, 2.91Ϯ0.06; PϭNS). After MI, LVEDD slightly Analysis of left ventricular end-systolic dimension (LVESD) at baseline and after MI revealed that although there was a significant increase in WT and SYS eNOS-Tg mice, there was no significant change in CS eNOS-Tg mice ( Figure 3B ). WT mice displayed a baseline LVESD of 2.05Ϯ0.07 that increased to 2.56Ϯ0.13 post infarction (PϽ0.05). LVESD in SYS eNOS-Tg mice was 1.98Ϯ0.09 at baseline, and this increased to 2.57Ϯ0.20 after infarction (PϽ0.05). LVESD in CS eNOS-Tg mice was 1.73Ϯ0.06 at baseline and increased to 2.17Ϯ0.12 after 45 minutes of ischemia and 72 hours of reperfusion (PϭNS). Although there was not a significant difference in LVESD values for CS eNOS-Tg mice from baseline to post infarction, it is important to note that the percent change was similar in all groups.
Systemic Hemodynamics in WT and eNOS Transgenic Mice
Calculated fractional shortening (FS) from baseline to after MI revealed no significant differences among the groups ( Figure 3C ). All groups displayed similar reductions in FS after MI. FS decreased in WT mice by 38% (PϽ0.05), SYS eNOS-Tg mice by 42% (PϽ0.05), and CS eNOS-Tg mice by 37% (PϽ0.05).
Ejection fraction decreased significantly after MI in WT mice and SYS eNOS-Tg mice but did not significantly decrease in CS eNOS-Tg mice ( Figure 3D ). Ejection fraction decreased 30% in WT mice after infarction (PϽ0.05). Likewise, ejection fraction in SYS eNOS-Tg mice decreased 28% after infarction (PϽ0.05). In CS eNOS-Tg mice, ejection fraction was preserved after 45 minutes of ischemia and 72 hours of reperfusion, decreasing only 14% from baseline (PϭNS).
Additional cardiac performance parameters before and after MI are reported in the online supplement.
Cardiac Dimensions at Baseline and Following MI
Measurements of LV wall thickness were not significantly different between any of the groups before or after MI (supplemental Table II , available online at http://atvb. ahajournals.org). Additionally, heart to body weight ratios were calculated for all groups after infarction. There was no significant difference between any of the groups (data not shown).
Discussion
It is now generally well accepted that NO therapy is remarkably beneficial in the setting of MI-R injury. 30, 31 We reported previously that systemic genetic overexpression of eNOS is protective in animal models of both MI-R injury 21 and congestive heart failure. 32 These studies revealed that the protection afforded by eNOS overexpression was NO dependent. Given the current interest [33] [34] [35] in translating gene therapy to the clinic, we sought to further clarify the protective effects of tissue-specific eNOS overexpression versus global overexpression. Using 2 distinct transgenic mice, we compared systemic versus tissue-specific (cardiomyocytespecific) eNOS overexpression. Both mice used the same human transgene, 23 but each was under the control of different promoters. The SYS eNOS-Tg mouse used the native eNOS promoter, as well as an endothelium enhancer element, thereby promoting systemic transgene expression that was restricted primarily to the vascular endothelium. 25 Sitespecific overexpression was achieved in the CS eNOS-Tg mouse by using the ␣-MHC promoter, thereby restricting overexpression to cardiomyocytes. 11, 22 Both of these mice have previously been well characterized. Both the SYS eNOS-Tg and CS eNOS-Tg mice displayed increased cardiac eNOS protein expression. However, eNOS protein expression in the CS-eNOS mouse was found to be more robust. This expression is limited to cardiomyocytes and has been shown previously to display normal cellular localization, including association with caveolin-3. 11, 22 The abundant increase in protein expression in the CS-eNOS mouse translated into very high NO production, as is evident by measurements of cardiac tissue nitroso levels and cardiac heme-NO adduct levels. Although not significant, the SYS eNOS-Tg mouse also displayed higher levels of cardiac tissue NO determinants than those seen in the WT mouse. These data provide conclusive evidence that genetic overexpression in the CS eNOS-Tg mouse not only translated into increased protein expression but consequently increased NO production. These results also allow for the possibility that any increased protection seen in the CS eNOS-Tg mouse may relate solely to increased levels of NO. However, it has been previously suggested that such high levels of NO would only seem to exaggerate or increase ischemic injury in these mice. 36 Reports have shown that high levels of NO, such as those seen in cases of iNOS overexpression, 37,38 may be deleterious. However, in the current study, we found that the high tissue levels of NO measured in the CS eNOS-Tg mouse was not injurious but quite protective in the setting of MI-R injury. This finding leaves open the possibility that targeted therapy, as in the CS eNOS-Tg mouse, allows for a much larger therapeutic dose window than would high levels of globally generated NO. One explanation for this is that the high levels of myoglobin in the heart have been suggested 39, 40 to buffer excess NO and thereby ablate any pathogenic occurrences resulting from extreme NO production. Suggestive of this theory is the high levels of heme-NO adduct observed in the CS eNOS-Tg mouse.
Arterial blood pressure analysis of WT and eNOS-Tg mice revealed no statistical differences in mean arterial blood pressure, diastolic, or systolic blood pressure. These results suggest that the hemodynamic status of all mice were very similar at baseline before MI-R. This result is somewhat surprising given the high levels of NO found in the CS-eNOS Tg mouse and indicates that these mice have either become less sensitized to NO-mediated vasodilation or have developed compensatory mechanisms that prevent any alterations in hemodynamic status.
After 30 minutes of LCA ischemia and 24 hours of reperfusion, we found cardiac-specific (CS) eNOS overexpression to profoundly limit myocardial infarct size. CS eNOS-Tg mice had a 64% reduction in Inf/AAR compared with WT mice. SYS eNOS-Tg mice displayed a 41% reduction in Inf/AAR compared with WT mice. These results indicate that myocyte-specific overexpression was clearly more advantageous, in this model, reducing infarct size an additional 23% beyond that of systemic overexpression. However, in a more injurious model in which mice were subjected to 45 minutes of ischemia and 72 hours of reperfusion, CS eNOS-Tg mice had similar injury as SYS eNOS-Tg mice. Both mice yielded significant cardioprotection compared with WT mice but were not significantly different from one another. These results indicate that CS overexpression is more advantageous in limiting infarct size but that increasing the magnitude of myocardial injury may ablate any protection beyond that of systemic overexpression.
Echocardiographic analysis of LV FS revealed no significant differences between all groups after MI. There was a trend for CS eNOS-Tg mice to have a significantly higher percent fractional shortening, but this observation was present at both baseline and post MI. Further examination of this trend revealed that CS eNOS-Tg mice displayed no significant increase in LVESD after infarction, whereas SYS eNOS-Tg and WT mice both displayed significant increases in LVESD. These data suggest that CS eNOS-Tg mice had less systolic dysfunction after infarction. However, these conclusions are slightly clouded by the fact that CS eNOS-Tg mice did display slightly decreased LVESD at baseline. Further examination of cardiac function after MI revealed that CS eNOS-Tg mice had no significant decrease in ejection fraction after LCA occlusion. WT mice and SYS eNOS-Tg mice both had a significant (PϽ0.05) Ϸ30% decrease in ejection fraction, whereas CS eNOS-Tg had only a nonsignificant 14% reduction after infarction. All together, these data suggest that although the significant decrease in infarct size was lost after 45 minutes of LCA ischemia and 72 hours of reperfusion, there was a trend for CS eNOS-Tg mice to have greater preservation of LV function following ischemic injury.
A number of mechanisms have been suggested to contribute to the cardioprotection afforded by eNOS overexpression. eNOS overexpression has been attributed to increased negative modulation of adrenergic-mediated increases in iontropy, thereby acting as an endogenous ␤-blocker in the ischemic or failing myocardium. 41 Protection yielded via transgenic overexpression of eNOS could also be credited to the enhanced control of myocardial oxygen consumption. 42 Additional reports have suggested that eNOS-mediated increase in cGMP downregulates adhesion molecule expression and subsequent leukocyte recruitment. 43 In correlation, increased eNOS expression has been shown to be a powerful agent in preconditioning against future ischemic episodes. 44 In conclusion, these results provide evidence that sitespecific targeting of gene therapy may be more advantageous in limiting MI-R injury and subsequent cardiac dysfunction. We have shown that cardiomyocyte-specific eNOS overexpression resulting in increased cardiac NO significantly decreases infarct size beyond that of systemic overexpression. Additionally, CS eNOS-Tg mice tended to have better preservation of cardiac function compared with SYS eNOS-Tg mice after MI. More research is needed to better understand the protective pathways involved in CS eNOS-transgenemediated cardioprotection.
